INTRODUCTION

X-ray micro computed tomography (μCT) is a well-established technique for the 3D non-invasive, non-48 destructive imaging of opaque samples. Though primarily developed and used as a medical imaging 49
technique, it can be a useful tool for the study of chemical engineering systems. Already in the field of 50 heap bioleaching it has been used in various studies. On a macro-scale Lin et al. (2005) and Yang et al. 51
(2008) used X-ray μCT to study voidage changes that resulted from the slumping of ore beds. It has 52 also been used on the micro-scale to monitor the structure of ore particles and mineral grains. These 53 micro-scale studies are possible because the mineral grains have a higher X-ray absorbance than the 54 supporting gangue material and so appear as brighter areas in the images. Miller et al. (2003) used this 55 principle to study the effect that the crush size of the ore has on the distribution of exposed versus 56 internal mineral grains. The findings were related to the recoveries achieved when different particle size 57 samples were leached. They proposed that such studies could be used in the future to identify the 58 optimal crush size of the ore with respect to mineral recovery. More recently, Ghorbani et al. (2011a,b ) 59 used X-ray μCT to study crack and mineral dissemination in sphalerite ore particles in a fully submerged 60 system. Their porosity measurements compared well with traditional methods and they found that X-61 ray μCT was a more robust tool for the measurement of the spatial distribution of surface and interior 62 micro-cracks in large ore particles than physical gas adsorption and porosimetry methods. They 63 subsequently used their method to study the effect of comminution (crushing) devices, specifically high 64 pressure grind rolls (HPGR) and conventional cone crushers, on the generation of cracks in the ore. 65 Kodali et al. (2011) performed a similar X-ray μCT study, which compared HPGR to jaw-crushing. 66
Through analysis of the images they determined that HPGR caused more particle damage, which 67 resulted in higher copper recoveries compared to ore of the same particle size that had been prepared 68 using the other technique. Like Miller et al. (2003) , they found that grain exposure and consequently 69
The ore was acid agglomerated as described by van Hille et al. (2010) and packed into a mini-column 91 which was 220 mm high (total external) and had an internal diameter of 23.5 mm. A layer of filter paper 92 followed by mesh was laid between the irrigation point and the ore to ensure that the liquid distribution ) and operated at ambient temperature for a period of 102 days. 97 98 The entire ore containing region of the column was imaged before leaching was commenced. and the gangue (grey) while excluding information from outside the ore containing region. Note that 147 mineral was removed. The overall mineral recovery (amount leached on a volumetric basis) after 102 158 days was 39±2%, 32±3% and 38±4% in sections A, B and C respectively. Hence slight differences in 159 the mineral leaching existed despite the three sections having been exposed to the same leaching 160 conditions. Two key factors were identified as possible causes of these differences: (1) variations in the 161 packed bed structure that would affect the liquid flow path and (2) Table 2 . 181
In the fresh ore (day 0) the majority of the mineral was positioned within 0.5 mm of the ore particle 182 surface in all three sections. A peak in the mineral population was observed at a distance of 183 approximately 0.07 mm (or 2 pixels) from the ore particle edge in all three cases, which may be 184 indicative of partial volume effects at the ore surface. In section A the mineral was located a maximum 185 of 4 mm from the ore particle surface, consistent with being centrally located in the most abundant ore 186 particle size (5.6 -8 mm). There was a longer tail in the mineral position distribution for section B, 187 with some mineral located as far as 7.1 mm from the surface. Similarly, section C contained mineral a 188 maximum of 6.1 mm from the ore surface. The larger maximum distances in sections B and C were due 189 to large particles being contained in these regions of the column. These sections also had a larger 190 percentage of the mineral positioned further than 2 mm from the ore surface. This is in agreement with 191 However, only a small change in the average distance of the mineral from the ore surface was observed 219 for section A. This was because mineral located further than 2 mm from the surface accounted for only 220 a small percentage in this section and the maximum distance mineral was positioned from the ore 221 surface was significantly less than in sections B and C. 222 Table 2 . Sulfide mineral distribution and recovery as a function of the distance of the mineral from the 223 ore particle surface in the three sections. 224 Section A Section B Section C Mineral position on day 0 At & < 1 mm from surface 72% 66% 70% 1 -2 mm from surface 22% 21% 20% > 2 mm from surface 6% 13% 10% Mineral recovery At surface 70 ± 1% 73 ± 2% 67 ± 3% < 1 mm from surface 42 ± 1% 47 ± 2% 53 ± 3% 1 -2 mm from surface 33 ± 4% 19 ± 2% 24 ± 1% > 2 mm from surface < 1% < 1% < 1% 
Radial variations 233
The mineral leaching varied as a function of distance from the centre of the column as is shown in 234 Figure 6 . The highest recovery in all three sections occurred in the outermost 1.5 mm, next to the column 235 wall (50%, 50% and 58% in A, B and C respectively). The recovery decreases towards the centre of the 236 column until 6.8 mm from the centre within which there is little variation. 237
The voidage also varied as a function of radial distance from the centre of the column as is shown in 238 
CONCLUSIONS 286
The proximity of the mineral grains to the ore particle surface had a pronounced influence on recovery 287 for this chalcopyrite ore, with leaching recoveries found to be highest on the ore particle surface and 288 then decreasing as the distance from the ore particle surface increased. This was coupled with a higher 289 leaching variability as the distance from the ore particle surface increased, proposed to be because the 290 recovery of mineral located further from the ore surface has a higher dependence on the surrounding 291 environment, such as whether it is in contact with other reactive minerals or cracks that link it to the 292 surface. A maximum leaching penetration distance of 2 mm was observed to exist for the ore, not seen 293 for other ores previously studied using X-ray μCT; thus showing full metal recovery is not possible 294 with the ore in its given state. Further particle size reduction to ensure access to these mineral grains is 295 often not practicable for heap leaching due to both increased costs as well as liquid flow issues that may 296 result due to decreased ore bed permeability. This motivates the need to identify mechanisms for the 297 improved permeability of the ore particles of interest, for example through the selection of appropriate 298 comminution methods for internal crack propagation during ore preparation or through degradation of 299 the support material during the leaching process, highlighting the importance of improved 300 understanding of an ore's full mineralogy and the composition of the gangue. 301
The radial variations in the mineral leaching showed that the proximity of the mineral to the ore surface 302
was not the only phenomenon that affected mineral recovery. The high recovery at the column wall was 303 attributable to preferential flow of the leaching solution in the higher voidage regions at the column 304 wall. Therefore variations in inter-particle pore size (voidage) effected through preferential liquid flow 305 paths were found to have some influence on the mineral recovery. Further investigations into the effect 306
